ylate PER and potentiate its transcriptional repression the natural constructs, repression was between 3-and 5-fold, if one subtracts the no CYC (RNAi cyc) values activity; we propose that the nuclear localization of PER is only indirectly affected. This interpretation has subfrom the data. The less potent repression on the natural promoter constructs presumably reflects a greater fracstantial heuristic value and fits several previous observations on doubletime and CKII mutants.
tion of E box independent and CLK-CYC-independent activity relative to the artificial construct. We conclude that PER alone represses efficiently CLK-CYC activity Results on all three reporters constructs: the greater the quantity of PER, the greater the repression.
Suppression of CLK/CYC Transcription Activation
Because it has been previously demonstrated that Figures 1A, 1B, and 1C) . The per-luc and tim-luc reporta repressor of CLK-CYC activity, i.e., the additional PER ers were considerably more active, and they also had stabilized by TIM is poorly active. Given the concentrahigher background activity in the absence of CLK comtion-dependent repression activity of PER (Figure 1) , the pared to the artificial 3X69 E box promoter-containing data suggest that the quality as well as the quantity construct (data not shown; see below). To test for the of PER is important for repression activity. The best role of CYC in transcriptional activation, we used dsRNA candidate is phosphorylation, since TIM has been to inactivate cyc mRNA (Clemens et al., 2000). Incubashown to inhibit PER phosphorylation by DBT in S2 cells tion of S2 cells with 7.5 g/ml cyc-specific dsRNA 48 hr (Ko et al., 2002; data not shown). prior to DNA transfection (cyc RNAi) reduced luciferase activity to background levels, ‫%02ف‬ in the case of the two natural promoter-containing constructs and ‫%2ف‬
Inactivation of dbt and ckII␣ Reduces PER Suppression Activity in the case of the E box-containing constructs ( Figure  1D ). The correspondence between cyc-independent exBecause the two kinases DOUBLETIME (DBT; casein kinase I⑀-CKI⑀ homolog) and casein kinase II (CKII) modpression and CLK-independent background levels suggests that these are not due to CYC-mediated transcripify PER in a temporal manner and have been proposed to affect nuclear localization, we tested the effect of dbt tion with another non-CLK partner. The much lower background of the artificial construct is also consistent and ckII␣ RNAi inactivation on PER suppression activity. As described above for cyc inactivation (Figure 1 ), we with this notion, as it suggests that the background levels and non-CLK-CYC-mediated transcription are not tried to minimize indirect effects by normalizing luciferase values to those obtained with CLK alone under the E box dependent.
To assay PER suppression activity, we cotransfected same kinase-inactivation conditions (a ca. 25% effect). A specific reduction of dbt and ckII␣ RNA after dsRNA the reporter and Clk plasmids with increasing amounts of per gene also under the control of the actin promoter. treatment was observed by RT-PCR ( Figure 3C ). Inactivation of DBT led to a substantial reduction of As expected from previous results (Darlington et al., 1998; Chang and Reppert, 2003), PER suppressed CLK/ PER repression activity, as indicated by the increase in normalized luciferase activity ( Figure 3A) . Inactivation of CYC transcription activation with all three promoter's constructs in a concentration-dependent manner (Fig- CKII also reduced PER suppression activity, although to a lesser extent. This might be due to the more modest ures 1A, 1B, and 1C). Increasing plasmid amounts also led to increased PER levels, as assayed by Western decrease of CKII RNA ( Figure 3C ). Importantly, inactivation of both kinases together had a greater effect than blotting (data not shown). Repression was particularly potent on the artificial construct and was reproducibly either one alone, suggesting that the two kinases modify PER in a coordinate manner ( Figure 3B ). Analysis of PER less than 10% of control values ( Figure 1C ). Even on To evaluate the effects of the two kinases on nuclear localization, we repeated the nuclear localization assays TIM cotransfection experiments (Figure 2) : it is the quality of PER rather than its quantity that dictates represunder RNAi conditions. There was no dramatic effect, as PER nuclear localization was quite similar after the sion activity, with phosphorylation potentiating PER repression activity.
kinase knockdowns (Figure 4 ). There was a modest quantitative effect, however, as nuclear PER decreased whereas cytoplasmic PER increased ( Figure 4B ). More-PER Nuclear Localization and PER Phosphorylation over, the effect was more pronounced with dbt RNAi Because both kinases are implicated in the nuclear than with ckII␣ RNAi, consistent with the effects on PER translocation of PER, the decrease in repression activity repression activity. We were unable to test whether inacmight reflect a more direct kinase effect on nuclear localtivating both kinases together had a larger effect than ization (Bao et al. vation still had a modest inhibitory effect on PER nuclear luciferase activity was normalized to transcription actilocalization, as incubation with dsRNA lowered nuclear vation by CLK in the presence of LMB, which had a PER even in the presence of LMB ( Figure 6A ). In addition modest ca. 25% positive effect). Although treatment and consistent with several of the experiments shown with LMB increased nuclear localization and PER reabove (e.g., Figure 4B ), inactivation of the two kinases pression activity, it did not affect the levels of PER as together had a bigger effect than that of either one alone determined by Western blotting (data not shown).
( Figure 6A ). Although this suggests that the kinases work together to assist PER nuclear entry even when nuclear Inactivation of dbt and/or ckII␣ in the Presence of LMB export is inhibited, there were still much higher levels Because the kinase knockdowns with RNAi had only a limited effect on PER nuclear localization (Figure 4) , we of nuclear PER even under kinase-inhibition conditions plain these results, we suggest that the direct effect of phosphorylation on PER repression activity might be If the kinases function predominantly to aid PER nuclear import, the strong effects of kinase inactivation upstream of most if not all previously observed effects on PER subcellular localization. on PER repression activity should be blocked in the presence of LMB. Surprisingly, however, the addition of We propose that nuclear PER is comprised of two LMB did not restore strong PER repression activity unpopulations: inactive and active (Figure 7 ). Inactive PER der these conditions ( Figure 6B ). On the contrary, the shuttles between the nucleus and the cytoplasm, and inhibitory effect of kinase RNAi on PER repression activits steady-state distribution is determined by the relative ity was similar and perhaps even increased with LMB kinetics of nuclear import and nuclear export. Active than without LMB. This is because the repression activ-PER functions as a transcriptional repressor of CLKity did not increase in proportion to the increase in nu-CYC activity and is constrained by its association with clear PER in RNAi/LMB as compared to control RNAi DNA or chromatin. Indeed, most active PER might not alone. Otherwise stated, the effect of the two kinases on be associated with CLK-CYC but with other DNA binding PER nuclear localization fails to account for the potent proteins or with nonspecific chromatin. Although it is effect on repression activity. Based on this observation, likely that there are multiple PER phosphorylation states we favor the notion that the kinases directly increase that range from predominantly inactive to predominantly PER repression activity. This is similar to the role of CKII active (Edery et al., 1994), the important distinction is in enabling DNA binding of the plant clock protein CCA1 that the active population(s) is relatively stable in the (Sugano et al., 1998) . The two kinases may also affect DNA-bound and therefore nuclear fraction. There is alnuclear localization, but it is possible that these effects most certainly some exchange between the active and are an indirect consequence of the increase in represinactive nuclear pools, which would explain the increase sion activity.
in repression as the nuclear fraction of the inactive pool is greatly increased with LMB. We suggest that phosphorylation causes a major dynamic change from an Model inactive to an active PER population, and this transition PER nuclear localization reflects an equilibrium between nuclear export and import. However, nuclear localization is timed during a normal circadian cycle. Our experiments and this model explain a number of Discussion previously enigmatic results. We noted that the time of PER "nuclear entry" in lateral neurons is long after We show here that PER alone functions as a potent transcriptional repressor. Furthermore, we demonstrate repression has begun (ca. ZT18 versus ZT12; Curtin et al., 1995), and a more sophisticated incarnation of this that PER nuclear localization is the result of nuclear export as well as nuclear import and that PER nuclear experiment recently reported similar findings (Shafer et al., 2002) . The beginnings of an inactive to active shift localization is important for PER repression activity. This indicates that PER acts within the nucleus to repress might be invisible due to the largely inactive pool of molecules at that time; a cytoplasmic to nuclear shift transcription, consistent with biochemical assays indicating that PER contacts the CLK-CYC heterodimer (Lee might only become apparent hours later, when the active population has increased sufficiently to decrease the et al., 1999). We also show that DBT and CKII affect PER nuclear localization (see discussion below), presize of the inactive and more mobile population. Even more dramatic are situations with no apparent temporal sumably by phosphorylating PER. More intriguingly, phosphorylation by both kinases acts in a coordinate control of PER nuclear localization. A classic example is the fly eye, a tissue with canonical molecular rhythms manner to potentiate PER repression activity, although apparently not through an effect on nuclear localization. but no reported nuclear entry times: there is nuclear as well as cytoplasmic PER in photorececeptor cells Considering these different observations together leads to a model that explains the relationships between phoswhenever PER is detectable. The inactive:active ratio might be much higher in the eye than in the lateral neuphorylation, repression activity, and nuclear localization. There was no detectable effect of TIM on the strong rons, due perhaps to higher PER levels/cell. In this case, a high ratio might obscure a small fraction of cycling repression activity of PER alone (Figure 1 ), even at lower and subsaturating levels of PER (data not shown). This and active nuclear PER. (2003) indicate that PER without TIM can localize to the nucleus as well as repress transcription. In the latter case, there was no coexpression of CLK, making it very unlikely that the cells express TIM. In our experiments, cotransfection with TIM-expression constructs had little or no effect on the frequency of nuclear localization (data not shown), consistent with the failure to observe any increase in repression activity. Similar localization results, i.e., no dramatic effect of tim cotransfection on PER localization, have been obtained by S.
Kay and colleagues (personal communication). Perhaps the potent effects observed by Saez and Young (1996) were influenced by the constructs used in that S2 cell study, including heat shock promoters. Independent PER nuclear translocation is also consistent with the independent timing of PER and TIM nuclear localization in lateral neurons during a circadian cycle (Shafer et al., 2002).
A third proposed role of TIM is to stabilize PER and contribute to its accumulation in the cytoplasm during , it is difficult to exclude alternasion activity, although it was increased by coexpression tive possibilities; for example, that one kinase regulates of TIM at low levels of PER. We cannot exclude the the activity of the other. It is very likely that the temporal possibility that we too would see a detectable TIM effect regulation of PER activity and phosphorylation in flies, at comparably low PER levels, and it is possible that including effects of TIM on phosphorylation, is an imporsome TIM might be expressed even without the addition tant feature of circadian timekeeping. of TIM-expression constructs in our experiments, perIn contrast to TIM cotransfection, LMB had a profound haps due to coexpression of CLK in all of our transfeceffect on the frequency of nuclear PER and modestly tion experiments (McDonald and Rosbash, 2001). Howincreased repressor activity without affecting PER levels ever, we observed no effect of RNAi against TIM in our ( Figure 5 ). This provides good evidence that PER repres-PER repression experiments (data not shown). It is more sion activity arises from within nuclei, despite the low frequency of nuclear PER under control conditions. This likely in our view that differences between experimental Forty-eight hours posttransfection, we removed old medium and washed the cover slip once briefly with PBS. The cells were fixed S2 Cell Transfection with 4% paraformaldehyde in PBS for 5 min. Fixing buffer was S2 cell was maintained in 10% FBS (Invitrogen) insect tissue culture removed, and the blocking buffer (PBS ϩ 0.1% TritonX-100 and medium (HyClone). Cell was seeded in a 6 well plate (for immunocy-10% donkey normal serum; Jackson Immunoresearch) was added tochemistry, a cover slip was placed in each well before seeding).
and incubated for 30 min at room temperature. Blocking buffer was Transfection was done when the cell confluence reached approxireplaced by primary antibody, 1:500 mouse anti-V5 (In vitrogen) mately 70%-90%. Twenty-four hours prior to transfection, 10% FBS in blocking buffer. The cell was incubated with primary antibody medium was replaced with serum-free medium. Transfection protoovernight at 4ЊC. The next day, we washed the cover slip with PBS col was according to company recommendation. Essentially, 10 l of five times for 2 min each. We incubated the cell with labeled secondCellfectin (Invitrogen) was added into 100 l of serum-free medium in ary antibody, 1:200 FITC-conjugated donkey anti-mouse (Jackson one tube; a desirable amount of DNA was added into 100 l of Immunoresearch) in blocking buffer, in darkness for 1 hr. It was serum-free medium in another. We combined the content of these washed twice with PBS for 5 min each. The cover slip was mounted two tubes and mixed briefly. After 45 min, we added 800 l of serumwith mounting media containing DAPI (Vector Laboratory). In genfree media. We removed the old media in the 6 well plate, and eral, 300 ng pAc perV5 and 5 ng pAc Clk were used. For quantificareplaced it with the approximately 1 ml of DNA ϩ Cellfectin in serumtion, each slide was masked by our colleague; roughly about 50 free media. We added 1 ml of 20% FBS media in each well 6 hr cells were pictured randomly. Each cell was classified either nuclear, posttransfection. We replaced the old media with 10% FBS media cytoplasmic, or both. 24 hr post transfection. To inhibit CRM1 pathway chemically, leptomycin (Sigma) was added into the medium to make a final concentra- 
